FliI, a soluble ATPase component of the flagellar export apparatus; FliH and FliJ, soluble regulatory components of the export apparatus; FliC, flagellin, the major filament protein; FliS, chaperone for FliC; T3SS, type III secretion system; FlhA, FlhB, FliO, FliP, FliQ and 
Introduction
Flagella are the locomotion organelles of bacteria. The flagellum consists of three major parts: the basal body (including the rod), the hook, and the filament. Assembly of the flagellum requires the coordinated expression and transport of about 20 structural components, and numerous other proteins play a role in the regulation of the assembly process [1] [2] [3] . Outer components of the flagellum starting with the rod proteins are transported to the assembly site by a specialized type III export apparatus [4] , which is related to the type III secretion system (T3SS) for virulence factors of certain pathogenic bacteria [5] .
The flagellar T3SS of Salmonella enterica serotype typhimurium (S. typhimurium) is composed of six membrane proteins (FlhA, FlhB, FliO, FliP, FliQ, FliR) forming the export gate, which is found within the MS ring of the basal body [4, 6] . Three additional proteins FliI, FliH, and FliJ constitute the soluble components of the export apparatus. Export substrates are thought to be delivered from the cytosol to the export gate by the soluble components [3, 7] , which also play a role in recycling of export chaperones [8] .
FliI is an ATPase that was shown to be related to the α and β subunits of the F 0 F 1 ATP synthase by sequence similarity [9] . The structure of FliI confirmed the homology [10] , and based on biochemical and electron microscopic data the functional form of FliI seems to be a homohexamer [11] [12] [13] analogous to the α 3 β 3 hexamer ring of the F 1 ATPase. For a long time it was widely believed that FliI provides the energy for the flagellar export system [9, 14, 15] .
This assumption was further supported by mutations at the nucleotide-binding site that markedly reduce the ATPase activity of FliI and motility of the cells [14, 16] . Later it turned out that the proton motive force (PMF) is the driving force of the flagellar export apparatus [17, 18] and FliI along with FliH is not absolutely essential for export although their absence results in a highly paralyzed filament formation [19] .
FliH also shows sequence similarity to F 0 F 1 ATP synthase subunits, namely to the b and δ subunits [20] . Originally FliH was thought to be the regulator of FliI, because it reduces its ATPase activity potentially preventing futile ATPase hydrolysis in the cytosol [15] .
However, null mutation of FliH can be substantially bypassed by overexpressing FliI or certain FlhA or FlhB mutations [21] , and now it seems likely that FliH is primarily required for anchoring the FliI hexamer to the export gate [1] . Interestingly overexpression of FliH in otherwise wild-type cells also reduces motility [22] , which can be explained by the excessive formation of a FliI:FliH 2 heterotrimer [15] preventing FliI hexamerization. In all, FliI and FliH are both required for efficient export, and they also must be expressed in a proper ratio.
Originally FliJ was thought to function as a general chaperone [23] . A recent structural work established that it is homologous to the γ subunit of the F 0 F 1 ATP synthase [13] and probably functions as an integral component of the FliI-FliJ-FliH ATPase complex. FliJ is essential for efficient flagellar export, lack of FliJ results in a leaky motile phenotype [23] .
Similarly to FliH, overexpression of FliJ in otherwise wild-type cells also reduces motility [22] possibly because it may form 1:1 complexes with FliI when too much FliJ is present [13] preventing the formation of the functional FliI hexamer ring.
The soluble components (FliI, FliH, FliJ) were identified to preferentially associate with membranes [8, 11, 24] . FliI interacts in vitro strongly with acidic phospholipids, which in turn promote hexamerization and increase the ATPase activity of FliI [11, 24] . However, on electronmicroscopic images the FliI hexameric ring structure seems to be located under a (likely nonameric) ring formed by the cytoplasmic domains (FlhA C ) of FlhA molecules [25, 26] further from the inner membrane. FliI, FliJ, and FliH were all shown to interact with FlhA C [1] and FliH also binds to the C-ring protein FliN [27] that is thought to play an important role in the localization of the ATPase complex.
FliJ was also shown to have a moonlighting role to cycle export chaperones FlgN (chaperone for hook-filament junction proteins FlgK and FlgL) and FliT (chaperone for filament cap protein FliD), but not FliS, the chaperone of the major filament protein, FliC (flagellin) [8] . FliS binds to the disordered C-terminal part of FliC [28] , while the N-terminal disordered segment of FliC carries the export signal of flagellin [29, 30] .
FliI (alone or in complex with FliH) was shown to interact with FlgN-FlgK and FlgNFlgL chaperone-substrate complexes in solution [7] , and FliT or the FliT:FliD complex was shown to bind FliI [31] . These observations led to the idea that export substrates are escorted from the cytoplasm to the export gate by the soluble export components. This mechanism seems to be justified for the minor late substrates FlgK, FlgL (hook-filament junction) and FliD (filament-cap), but in the case of the major filament component flagellin (FliC) data are contradictory [15, 22, 32] . An earlier report showed that FliC interacts with FliI and increases its ATPase activity [32] , suggesting a role for the FliI-FliC interaction in the export process.
Others could not reproduce this ATPase activity enhancement by FliC in the presence or absence of FliH [15] and suggested that other components (e.g. FliJ) might be required.
Affinity blots showed that FliC interacts with the soluble export components, FliI, FliH, and FliJ [22] , but these interactions were not confirmed by other, more reliable methods. In all, it is assumed that the soluble export components deliver substrate-chaperone complexes of late substrates from the cytoplasm to the export gate, however this assumption was convincingly demonstrated only for the three minor late substrates FlgK, FlgL (hook-filament junction) and FliD (filament-cap). Fig.1 summarizes the current view of substrate delivery.
In this study our aim was to clarify the role of the soluble components of the flagellar export apparatus in the recognition and delivery of the major export substrate, flagellin. We used a continuous ATPase activity assay to detect changes in FliI activity in the presence or absence of the other two components, FliH and FliJ, upon the addition of FliC or the FliC:FliS complex. To detect physical interaction, regardless of the activity change, quartz crystal microbalance (QCM) measurements were carried out. No interaction was detected between FliC or the FliC:FliS complex and the soluble components in solution by any of the applied methods. We came to the conclusion that, in contrast to minor late export substrates where such mechanism was convincingly demonstrated, the soluble components of the flagellar export system do not deliver flagellin from the cytoplasm to the export gate.
Materials and Methods

Genes and strains
The genes encoding N-terminally His 6 -tagged FliJ, FliH and FliS were produced by PCR amplification using genomic DNA from the wild-type S. typhimurium strain SJW1103 [33] . The genomic DNA was purified using the NucleoSpin Tissue DNA isolation kit (Macherey-Nagel GmbH). The amplified DNA fragments were cloned into the pET17b vector Table 1 . Finally the plasmids were transformed into E. coli BL21(DE3)pLysS (Novagen-Merck) cells for expression.
Protein expression and purification
FliC was purified as previously described [34] with some modifications as follows. 3 × 100 mL of S. typhimurium SJW1103 culture was grown for 8 hours at 37 °C and 250 rpm in 3% YE (yeast extract solution) medium. 3 × 1 L of 5% YE medium in 3-liter Erlenmeyer flasks was inoculated with the 100 mL cultures and 0.015% (final concentration) antifoam A (Sigma) was added. The cultures were grown for 16 hours at 37 °C and 80 rpm with aeration using a sparger. 2% PEG-6000 and 1% NaCl (final concentrations) were added to the cultures in order to aggregate detached flagella, then they were shaken for an additional hour at 37°C without aeration. The cells were collected by centrifugation at 6 °C, 30 min, 4400 g, then the pellet was resuspended in 30 mL 20 mM Tris, 150 mM NaCl, pH=7.8. Flagella were detached by shearing the cells using a blender with continuous cooling on ice, then the cells were removed by centrifugation at 6°C, 30 min, 10'000 g. Flagella were collected by centrifuging the supernatant at 10°C, 60 min, 178'000 g (40'000 rpm, T-647.5 rotor, Thermo Scientific).
The pellet was washed with 5 mL 20 mM Tris, 150 mM NaCl, pH=7. FliI was purified using a Ni-Sepharose High Performance column (GE Healthcare) in solutions containing 500 mM NaCl using a linear gradient of 30-500 mM imidazole (pH=7.5). Fractions containing FliI were combined, then dialyzed overnight against a buffer containing 20 mM Tris, 200 mM NaCl, 1 mM EDTA, pH=7.8.
FliH was purified using a Ni-NTA Superflow column (Qiagen) in solutions containing 500 mM NaCl using a linear gradient of 10-500 mM imidazole (pH=7.5). Fractions containing FliH were combined and dialyzed overnight against a buffer containing 20 mM Tris, 20 mM NaCl, 1 mM EDTA, pH=7.5. The dialyzed fractions were loaded onto a Source 30Q column (GE Healthcare) and the bound FliH was eluted by a linear gradient of 200-600 mM NaCl in 20 mM Tris, 1 mM EDTA, pH=7.5 buffer, and the fractions containing FliH were combined. The protein eluted at approx. 400 mM NaCl (in 20 mM Tris, 1 mM EDTA, pH=7.5).
FliJ was purified using a Ni-NTA Superflow column as FliH. Fractions containing FliJ were combined and dialyzed against a buffer containing, 50 mM NaCl, 10 mM Na-phosphate, 0.5 mM EDTA, pH=7.0, then loaded onto a Source15S column (GE Healthcare). The bound protein was eluted using a 50-500 mM NaCl gradient, and the fractions containing FliJ were combined. The protein eluted at approx. 250 mM NaCl (in 10 mM Na-phosphate, 0.5 mM EDTA, pH=7.0). The protein purities were checked by SDS-PAGE (12.5% Laemmli gels), and the oligomeric status was checked by native PAGE using either 7.5% or 10% gels without SDS or 4-15% Mini Protean TGX (BioRad) gradient gels in combination with 25 mM Tris, 192 mM glycine, pH=8.3 as running buffer. All purified proteins were concentrated on 3-kDa-cutoff spin-concentrators, then stored frozen in aliquots.
ATPase activity measurements
ATPase activity measurements were carried out using a continuous NADH-coupled spectrophotometric assay based on the method of Kiianitsa et al. [35] . In the presence of phospholipids (PL) the above described protocol was slightly modified. E. coli polar lipid extract (Avanti Polar Lipids) was dissolved in chloroform, dried, then resuspended in 25 mM HEPES pH=8.0 to a 1 mg/mL stock concentration. The suspension was sonicated in a water bath to form liposomes. Phospholipids were added to the reactions in a 10 µg/mL final concentration. BSA and MgCl 2 were omitted from the buffer, as BSA and Mg 2+ caused precipitation of the phospholipids. As Mg 2+ is necessary for ATPases, the reaction was initialized by adding 5 mM Mg 2+ -ATP to the reaction. In this case the addition of Mg 2+ -ATP did not cause any precipitation.
Quartz Crystal Microbalance (QCM) measurements
QCM directly measures the mass of a compound bound to the sensor, because the mass increase affects the frequency of an oscillating quartz crystal. Using this method a mass difference down to the sub ng range can theoretically be detected [36] . When a protein is immobilized on a quartz crystal sensor chip, and a ligand is injected onto the surface, its association and dissociation are monitored continuously resulting in a frequency change versus time curve, from which the rate constants can be calculated. QCM measurements were for the two-state (conformational change) model [37] .
Results
Proteins and their interactions detected by native PAGE
Soluble components of the flagellar export apparatus (FliI, FliJ, and FliH) and the flagellin specific chaperone (FliS) were expressed as N-terminally His-tagged proteins in E. coli and purified as described in the Materials and Methods. His-tagged versions of the soluble components were previously shown to be fully functional in complementation tests using the appropriate deletion variants of S. typhimurium [14, 22] , while His-tagged FliS was
shown to be functional, as it binds to the C-terminus of its partner FliC [38] . FliC was produced as a native protein and it was used in the monomeric form in our assays. Oligomeric status and interactions between the components were checked by native PAGE. FliI for example was mostly monomeric, but oligomers could be nicely observed on dilute gradient gels ( Fig. 2A) . The FliI-FliH interaction is detectable by native gel electrophoresis [15] , and our native PAGE experiments (data not shown) confirmed this observation, however weaker interactions, like the one between FliI and FliJ, are not detectable by this method (data not shown). We could not detect any interaction between FliI and FliC ( Fig. 2A ), but because of the above mentioned limitations more sensitive techniques were applied as follows.
FliC and the FliC:FliS complex do not interact with FliI
In order to clarify the role of the soluble components of the flagellar export apparatus in the recognition of the major export substrate flagellin, first we tested the effect of FliC on the ATPase activity of FliI by a continuous NADH-coupled spectrophotometric assay [35] .
Adding up to 30 µM FliC to 1 µM FliI has not shown any significant effect on the ATPase activity of FliI (Fig. 2B ). This result is in contrast with a previous study by Silva-Herzog and Dreyfus [32] .
FliS acts as the substrate specific chaperone of FliC [39, 40] . We found that FliS is stable in up to 5 µM concentration in the buffer used for the NADH-coupled ATPase activity measurements. In the next experiment we added the FliC:FliS complex (5 µM final) to FliI in order to determine whether the presence of FliS is required for export substrate recognition.
Under these conditions over 90% of FliC and FliS are complexed based on the K d value determined earlier [41] . We found that the ATPase activity of FliI in the presence or in the absence of FliC:FliS complex showed no significant difference (Fig. 2C) . Binding of a protein to FliI does not necessarily influence its ATPase activity as it was demonstrated earlier [31] .
Therefore, we carried out QCM and isothermal titration calorimetry (ITC) measurements, which allows us to detect protein-protein binding regardless of the activity change. When tested by ITC we could not detect any interaction between FliI and FliC (data not shown).
QCM measurements also confirmed the lack of interaction between FliC or FliC:FliS with FliI ( Fig. 3A) as described in the next section. (Fig. 3C) . In this instance the FliJ-FliH interaction was also detectable giving a moderate signal. The calculated K d values along with the k on and k off rates are listed in Table   2 . Overall, the QCM measurements suggest, that FliC or the FliC:FliS complex do not interact with individual soluble components of the export apparatus. (Fig. 4A-B) . Similar results were obtained by others [8, 13] . From the FliI-FliJ activity slopes an EC 50 of 253 ± 33 nM was determined, which is in good agreement with the K d value obtained on the FliI chip by QCM (Table 2) .
QCM results indicate lack of interaction between
FliC and FliC:FliS do not interact with FliI in the presence of FliJ and/or FliH
From these measurements it is not possible to determine the binding stoichiometry, but it is plausible to assume that at high FliJ to FliI ratio 1:1 complexes are dominant, while at low FliJ to FliI ratio FliJ promotes FliI hexamerization, as discussed by Ibuki et al. [13] . 
Interactions in the presence of acidic phospholipid liposomes
It is known that FliI, FliJ and FliH have intrinsic membrane affinity [8, 24] , and the presence of acidic phospholipids enhances the ATPase activity of FliI as well as its hexamerization [24] , hence we investigated whether the presence of phospholipids affects flagellin recognition by the soluble components. We added FliC, FliS or FliC:FliS to FliI in the presence of polar phospholipid liposomes. Neither of the proteins caused any significant change in the ATPase activity of FliI (Fig. 6A) . Next, we repeated this experiment but instead of FliI we used the FliI-FliJ complex. Adding FliC to the FliI-FliJ complex in the presence of liposomes did not affect the ATPase activity (Fig. 6B) . Surprisingly, adding FliS to FliI-FliJ decreased its ATPase activity approximately to half of the original, and adding the FliC:FliS complex instead of FliS had about the same effect as FliS alone (Fig. 6B ). FliH (data not shown) had no influence on the observed effect caused by FliS.
The results indicate that the observed effect depends on FliS, but not on FliC, and only
FliS is responsible for the activity decrease of the membrane-bound FliI-FliJ ATPase complex. While there are many questions remaining, it seems plausible to assume that FliS promotes disassembly of the membrane-bound ATPase complex to facilitate flagellin export.
Discussion
Previous reports established that chaperoned minor late substrates (FlgK, FlgL, FliD) are recognized by FliI or the FliI-FliH complex [7, 31] , and this interaction also takes place in the fluid phase. Hence the general view has been that export substrates are delivered from the cytosol to the export gate by FliI aided by FliH [1] [2] [3] . Flagellin (FliC) and also hook protein (FlgE) were shown to stimulate the ATPase activity of FliI [32] , but others could not reproduce this effect [15] , and suggested that other components, like FliJ, might be required.
On the other hand interactions between FliC and FliI, FliH, or FliJ were detected by affinity blots [22] , and it was implied, although not unambiguously proven, that FliC is not an exception from the rule, and it is also delivered to the export gate by the soluble components.
In order to clarify the role of the soluble export components in the recognition and inhibits FliA, a flagellar-specific sigma factor [43] .
Based on our results it is presumable that flagellin is exported by a different mechanism than the other three late substrates. Minor late substrates (FlgK, FlgL, FliD) are built into the filament in well-defined, low copy numbers. Hook-filament junction proteins (FlgK, FlgL) are found in 11 copies each, and the filament capping protein (FliD) forms a pentameric complex at the tip [2, 44] . All these three components are required for the assembly of the flagellum, and their export must precede the export of the high abundance flagellin, which has a copy number of about 20'000 [44] . It seems plausible that chaperoned minor late substrates require a facilitated delivery by the soluble export components in order to compensate for their low concentration and ensure that they are exported before FliC [45] .
Evans et al. [8] had a similar conclusion based on their observation that FliJ escorts chaperones for the minor filament components, but not for flagellin. Recently, from a different aspect, Bange et al. [46] proposed a mechanism by which the flagellar T3SS switches from the stoichiometric export of FliD to the high-throughput export of flagellin, emphasizing the role of FliJ in the stoichiometric export. Images of Salmonella deficient for all FliI, FliH, and FliJ (∆fliHIJ) showed rare flagellation (<1%) [18] , but the length of the occasionally formed flagella seemed to be normal. This observation can be explained that without aided delivery, minor late components are exported only rarely by chance, but once these structural components are in place, mass export of flagellin occurs almost normally, probably by simple diffusion, without the need for the soluble export components.
In all, the lack of interaction in the fluid phase between FliC or FliC:FliS with the soluble export components indicates that these components do not deliver flagellin to the export gate, and our observations combined with recent studies suggest that the mechanism for the mass export of flagellin is different from the aided delivery of minor late substrates. Tables   Table 1 Primers used for cloning of S. typhimurium genes
Gene Direction Sequence
The restriction sites used for cloning, NdeI (CATATG), HindIII (AAGCTT), and XhoI (CATATG) are in capital letters, the start and stop codons are underlined, while the His 6 -tag coding region is bold. For the FliI construct the start codon and His 10 -tag are encoded by the vector. [26] , part of which is depicted here. FliH docks the FliI hexamer below this ring, but the FliH docking site (shown in red and striped red) is uncertain [1, 26] . Involvement of the soluble components (FliI, FliH, and FliJ) of the flagellar export apparatus has been demonstrated for the delivery of minor late substrates. Whether or not the major substrate, flagellin, is also escorted to the export gate by the same mechanism remains to be seen. 
